Abstract. Performance of the construction projects have been criticized for many years due to their low productivity rates and cost overruns as well as significant delays. Increasing number of dissatisfied customers compel practitioners to reform conventional practices of construction management. Lean construction has emerged as a result of these efforts in the industry. However, there are limited number of studies that demonstrate the practical benefits of lean construction applications. The aim of this paper is to untangle practical applications of lean construction and to reveal their benefits. A methodology was developed to compare the lean and non-lean scenarios of a residential building project by means of Monte Carlo simulation. Simulation models were generated through regular meetings held with construction planning experts. Research findings demonstrate that application of lean construction principles have a potential to improve the performance of projects by reducing both the total project duration and its expected variation. In addition, the study revealed that utilization of practical lean construction principles may result in a considerable amount of time reduction in wall construction and plastering activities of residential building projects. Although the findings of this study cannot be generalized, they are expected to encourage practitioners to adopt lean construction principles.
Introduction
Construction practitioners have developed numerous methods to assess the performance of a construction project. Schedule and budget performance are some quantitative metrics; while quality, occupational health and safety, and sustainability are qualitative ones. In the sense of satisfying these criteria, conventional practice of the construction management frequently fails . Construction projects have unique attributes, such as on-site production, inimitability, and complexity. Apart from the combined effects of them; weather conditions, owner changes, and the interaction between multiple operations can produce high level of uncertainty (Salem et al. 2006) . Under these circumstances, construction industry falls behind the other industries in terms of efficiency and customer satisfaction. For example, Aziz and Hafez (2013) stated that construction industry misspends 57 percent of the production time, whereas only 12 percent of time is waste in the manufacturing industry.
The poor performance of construction projects compels the industry to reconsider current construction management practices (Koskela 1992 (Koskela , 2000 Egan 1998; Diekmann et al. 2004) . As a result of the change efforts, lean principles emerged from the manufacturing industry have been adapted to construction projects. Lean construction is not only an endeavour to transform traditional practices, but also an innovation for construction companies to differentiate themselves. However, construction industry does not implement the lean principles as successful as the manufacturing industry, even though both industries have same goal of pleasing the customer by minimum time and resource consumption (Mao, Zhang 2008) . Dynamics of the construction industry is incompatible with other industries due to the fact that it is a conservative sector. Traditional perception of doing business hinders the industry to adapt innovative solutions (Ozorhon et al. 2014) . In addition to this, lean construction is still an ill-defined concept in terms of clarity and practicability (Alves et al. 2010) . Although many tools and techniques are developed by researches to implement lean construction principles, they are regarded as invalid in practice.
To overcome these problems, this paper principally aims to untangle practical applications of lean construc-tion philosophy and to reveal tangible benefits of lean construction to encourage practitioners to adopt its principles. In this respect, a simulation-based study has been carried out on residential buildings and results of a lean and non-lean scenario are compared through stochastic models. Results of the study demonstrate that practical applications of lean construction principles both reduce project duration and its expected variability. This study also compares lean construction principles in terms of their relative importance and provides insight about lean sensitivities of basic activity types in a small residential building project.
Literature review

Lean construction
Lean construction terminology exists in construction engineering and management domain since early 1990s. There are many fundamental principles that shaped philosophy of lean construction. Lean construction has emerged as consequence of tremendous impacts of lean production on manufacturing industry. Principles of lean production stem from Toyota Production System (TPS) (Holweg 2007) . TPS predominantly aims to minimize all types of waste in the production process, while maximizing quality of the product, which is defined as value. Techniques developed within TPS to realize these purposes transferred to the West as lean production (Womack et al. 1990) . Lean production has dramatically improved the performance of manufacturing industry. Consequently, Koskela (1992) offered a new production theory applicable to construction by combining lean production and other production theories. This theory constitutes the basis of lean construction. According to Mao and Zhang (2008) lean construction possesses three main characteristics that differentiate itself from traditional construction management techniques:
1. Lean construction aims to lessen any kind of wastes, such as inspection, transportation, waiting, and motion. 2. Lean construction intends to decrease variability and irregularity in order to ensure uninterrupted material and information flows. 3. Lean construction prefers to have construction material on site only when it is necessary.
Application of lean construction principles
In order to achieve previously mentioned objectives, many applications of lean construction principles have been developed. These applications, which are discussed in the following sections, are categorized under three main headings as: Lean Project Delivery System (LPDS), Last Planner System (LPS) of Production Control, and Practical Applications of Lean Construction Principles.
(1) Lean Project Delivery System LPDS (Ballard 2000a ) is integrated project delivery method of lean construction. Although it includes many elements from traditional practices, it harmonizes them with a holistic delivery system. LPDS is composed of five phases: project definition, lean design, lean supply, lean assembly, and facility use. The major contribution of LPDS is its integrated approach, which requires concurrent management of all phases. LPDS comprehensively analyses interaction of design and construction to minimize waste at each level (Alarcon, Mesa 2012) . Moreover, facility use is accepted as a part of project delivery unlike to other project delivery systems .
With these aspects, all phases of LPDS serves for fundamental principles of lean construction, such as reducing waste, generate value, and improving work flows. Ballard (2008) demonstrates the positive effects of LPDS on project performance with a real case evidence. A clinic project in which LPDS principles are implemented costs approximately 15 percent less than the project target cost. It is also completed 3.5 months ahead of the schedule.
(2) Last Planner System of Production Control LPS (Ballard 1993 (Ballard , 2000b ) is work structuring and control mechanism of lean construction. Current practices perform the planning prior to start of the project according to some suppositions. LPS, on the other hand, is based upon pulling work packages at defined time intervals to have a continuous work flow (Tommelein et al. 1998) . In LPS applications, activities are generally drooped into a six week look-ahead window. For all activities within the plan period, potential constraints are defined, and no activity is allowed to start unless detailed work plans and solutions to potential constraints are promoted. Percentages of completed assignments are calculated for each plan period. At the end of the plan period, reasons for failure are described, and they are tried to be fixed in the following plan periods . The pull approach of LPS shields activities from work flow uncertainty, and improves the productivity (Kim, Jang 2005) .
According to Shang and Pheng (2014) , LPS is the most powerful and well-known planning and control system among all the lean construction applications and tools. There are many examples showing benefits of LPS on project performance. Nieto-Morote and Ruz-Vila (2012) stated that six weeks implementation of the LPS to a chemical plant construction project significantly reduced the reasons for non-completion of planned activities. Another research shows that percent plan completion of the activities are considerably increased after implementation of LPS to two case study projects constructed in Saudi Arabia (AlSehaimi et al. 2014) .
(3) Practical Applications of Lean Construction Principles Implementing LPDS and LPS in practice requires long term commitment, as well as individual and organizational change. Despite the existence of the studies showing tangible benefits of them, contractors hesitate to utilize them in practice due to their theory-based and abstruse approach. For this reason, many practical applications of lean construction principles have been evolved. They serve both as reinforcing principles to LPDS and LPS, and as individual principles that contribute to project performance in the short term. In this respect, Table 1 compiles the commonly-used practical applications along with literature examples that are either directly used or referred to related principles.
Practical applications of lean construction principles presented in Table 1 serve as a guideline for the practitioners who want to implement lean construction principles at the basic level. The most generic form of lean construction application is LPDS, including subset of LPS. Practical applications, on the other hand, are more specific implementation methods. Some of them are associated with LPDS and LPS, while other ones are independent principles. Moreover, some practical applications of lean construction principles are complementary for each other. For example, realizing minimum material storage (P4) in construction site is directly related to establishing long term relationships (P18) with suppliers. These links, as well as clusters of application of lean construction principles are shown in the Figure 1. 
Measuring the effects of lean construction applications
Although practical applications of lean construction principles offered in this study have potential to encourage contractors to implement lean construction, there is still a necessity for identifying benefits of them by revealing quantitative results. Since physical simulation of lean construction is not possible due to prejudice of the practitioners, many simulation techniques have been promoted to measure the effects of lean construction principles.
Computer enabled virtual simulation is a very effective and cheap way of testing proposed processes since computer technology allows fast computing despite great numbers of combinations. It serves as a validation tool before implementing lean principles on the site (Mao, Zhang 2008) . Discrete-event simulation is one of the most widely used techniques for simulating the lean principles (Hosseini et al. 2011; . Fundamentally, it models the operation of a system and explains the system behaviour according to sequence of event in time. However, complex structure of the discrete-event simulation prevents to exploit the advantages in a practical manner. Management games are also used for training purposes (Alarcon, Ashley 1999) . Simulation games enable better understanding of lean construction principles. Nevertheless, as distinct from the discrete event simulation, these games are quite simple, and cannot be used as a validation tool for all cases. Another technique is Monte Carlo simulation, which simulates lean construction principles based on probabilistic techniques (Maturana et al. 2003) . Even though it relies on subjective judgement, Monte Carlo simulation practically calculates optimistic, pessimistic, and most likely scenarios of a lean construction application.
Since this study aims to measure effects of the practical lean construction applications on project duration and variability, Monte Carlo simulation was utilized to compare lean and non-lean scenarios of a residential building project. The details of the research methodology are explained in the next section.
Research methodology
The research methodology is based on assessing the performance of a residential building project as simulationbased study under implementation of lean construction principles. For this purpose, two stochastic models were created to compare schedule performance of the project. One model employs practical applications of lean construction principles, whereas the other model does not incorporate them. In order to develop these models, regular meetings were held with three construction planning experts. Expert opinions were reflected to the models through a questionnaire responded at the last meeting. The research methodology is composed of five basic steps. The following is a brief description of these steps:
1. Identifying the practical lean construction principles that can be utilized in residential building projects. 2. Generating lean and non-lean scenarios to examine the impact of principles determined in the first step. 3. Choosing a residential building project as a simulation model.
4. Determining the activity durations of the simulation model for lean and non-lean scenarios according to responses of experts. 5. Carrying out Monte Carlo simulations in order to obtain quantitative appraisal of practical applications of lean construction principles.
(1)
Step 1
First step includes specification of the lean construction principles used in this research. On the basis of the practical applications of lean construction principles demonstrated in Table 1 , 14 principles were selected according to their applicability in residential building projects. These principles are: (1) providing training activities; (2) establishing long-term employee relationships; (3) using multi-skilled workforce; (4) improving the process transparency; (5) using the clean construction principles; (6) minimizing the material storage; (7) optimizing the site conditions; (8) establishing long-term supplier relationships; (9) encouraging the project participants for consensus-based decision making; (10) cooperating with different departments; (11) organizing regular meetings; (12) using time buffers; (13) using 4-D scheduling and simulation; and (14) using risk management techniques.
(2) Step 2 Second step develops the scenarios that help to measure the impacts of 14 lean construction principles introduced in the previous step. In this regard, two different scenarios were identified as lean and non-lean scenario. The difference of these scenarios stems from their approach to use practical applications of lean construction principles. Correspondingly, they are described as follows:
-Lean scenario employs all of the lean construction principles designated in the first step. -Non-lean scenario does not carry out any of the 14 lean construction principles.
Step 3
Third step introduces a simulation model that enables to experiment two scenarios generated in the preceding step. Various sources indicate that lean construction principles are quite appropriate to be used in repetitive projects (Yang, Ioannou 2001; Mao, Zhang 2008; Hosseini et al. 2011) . Residential building projects have a repetitive nature. In other words, activities performed in a location do not show any differences in another location. For this reason, many researchers test their proposed lean construction methodologies through multi-storey buildings (Maturana et al. 2003; Hosseini et al. 2011) .
In this research, a residential building project was used as the simulation-based study due to aforementioned reasons. It is composed of two 8-storey and three 5-storey buildings as depicted by the 3-D model in Figure 2 . The buildings are identical in terms of net floor area. Although the number of activities performed in 8-storey buildings is more than those of 5-storey buildings, activity types and their durations are same for all buildings. (4) Step 4
Fourth step determines the activity durations of the simulation model for both lean and non-lean scenarios. Activity durations were appointed by collecting the necessary data from the experts. Monte Carlo simulation was utilized to compare schedule performance of the two scenarios.
Planning engineers generally prefers to use the most likely durations when they prepare the schedules. Nonetheless, the actual duration of an activity is generally different from the most likely duration due to predictable and unpredictable risks that construction works accompany with. For such circumstances; planners prefer to use probabilistic techniques, such as program evaluation and review technique (PERT) and Monte Carlo simulation to take into account both optimistic and pessimistic scenarios, as well as the most likely scenario. In this study, also a probabilistic approach was used to capture the effects of practical lean construction principles on both project duration and its variability. The reason why Monte Carlo simulation was chosen, instead of PERT, is explained by Barraza (2011) with following advantages of Monte Carlo simulation:
-Monte Carlo simulation provides more realistic estimations by taking into account the probability of each activity to become critical. -As compared to Monte Carlo simulation, PERT gives extremely optimistic results. Monte Carlo simulation represents the activity durations as probability distribution curves. Table 2 displays the activity types of the simulation model and their probability distribution curves. The project is composed of 535 activities in total. First two IDs of the table stand for start milestone and mobilization. IDs A1020 to A1080 show foundation works, and IDs A1090 to A1240 represent all activities in the first floor of the first 8-storey building. IDs A1250 to A6320 are repeated identically for remaining 7 stories of the first 8-storey building, second 8-storey building, and three 5-storey buildings. Finally, the last two IDs show demobilization and finish milestone.
The project includes 9 basic activity groups that experts evaluate their lean and non-lean scenarios. All of them have a triangular distribution. Therefore, experts estimated optimistic (minimum), pessimistic (maximum), and most likely durations for both scenarios. Activities that do not have triangular distribution were reflected to two scenarios with same values. For instance; for the soil compaction activities, which have normal distribution, identical mean and standard deviation values are utilized in the simulation for lean and non-lean scenarios. The basic activity groups of the project are: excavation, reinforcement, formwork, concrete, backfill, walls, electrical installation, mechanical installation, and plastering. Experts were given the most likely durations of non-lean scenario for basic activity groups in terms of some coefficients. By using given coefficients; they estimated minimum and maximum durations of the non-lean scenario, as well as minimum, maximum, and most likely durations of the lean scenario as presented in Table 3 .
Coefficients obtained from the experts for 9 basic activities were distributed to all related activities. Thereby; optimistic, pessimistic, and most likely durations of all activities were obtained for both scenarios. For example, coefficients of the formwork group were multiplied with the most likely durations of non-lean scenario for any formwork related activity. In other words, same coefficients were utilized for both formwork for foundation and formwork for column activities. The duration difference of these activities stems from the original most likely durations of non-lean scenario. Table 4 indicates the relationships of the 9 basic activities with other activities of the project.
To sum up, data collected from the experts was utilized to obtain minimum, most likely, and maximum durations of the activities for lean and non-lean scenarios. Coefficients obtained in this step; not only serve for carrying out Monte Carlo simulation for two scenarios, but also enable to compare basic activity types in terms of their sensitivity towards lean construction principles. Furthermore, in order to learn individual effects of the 14 lean construction principles on their estimations, experts were asked to classify them hierarchically in terms of their frequencies and impacts.
In order to construct this step, several face to face meetings were held with the construction planning experts. Specific lean construction approach of this research, practical applications used in the models, details of the scenarios, Monte Carlo simulation model, and residential building project of the study were comprehensively discussed during these meetings. They estimated the coefficients, and classified 14 lean construction principles by means of a questionnaire distributed at the last meeting.
Three experts who contributed to this study have substantial experience in construction planning and lean construction. Expert A is the general manager of a consultancy firm. The company that he manages provides consultancy services in all areas of project management for the construction and engineering works. In this respect, Expert A inspects different construction sites all around the world more than ten years. By virtue of his field observations, he knows the current construction management practices and their weaknesses very well. For this reason, he is accustomed to lean construction principles, which aims to remove these weaknesses. Ex- pert B, on the other hand, is a PhD candidate civil engineer who is working in a construction firm that conducts medium-sized building projects, in several of which the client is the government. He contributed to research from the viewpoint of a planning engineer who has more than five years of experience in residential building projects.
In addition to his knowledge of scheduling, he has broad information regarding the lean construction concept by means of his studies in the academia. Finally, Expert C is an associate professor in a respected university of Turkey. He has specialized in construction planning and project management for many years. As an academician, he also has extensive knowledge regarding the lean construction philosophy. Besides, his experiences as a field engineer early in his career make him very much aware of practices on the site. Three participants of this study have unique expertise on different fields of the construction industry. Their diversification gives opportunity to examine the effects of practical applications of lean construction principles from the viewpoints of different professionals. (5) Step 5
Last step of the research methodology is related to carrying out Monte Carlo simulation by using the data generated in the previous step. For this purpose, @Risk (1997) software was utilized to carry out Monte Carlo simulation. It allows the user to use practical functions of the spreadsheet, and to perform simulations quite easily. Moreover, it enables the users to conduct flexible analyses on the simulation graphs.
Prior to Monte Carlo simulations, activities of the simulation model have been scheduled in the spreadsheet according to following assumptions:
-Land purchasing and design activities are completed.
-Finishing works are not included in the project.
-Conventional formwork systems are used for concrete operations, which require separate concreting for columns and beam-slabs. -Rebar, formwork, and concrete activities of the floors are performed in two successive sections, which are Section X and Section Y.
-Holidays are not introduced to the project.
-Working days equal to 8 hours.
The high numbers of activities and complex activity relationship have challenged the accuracy of the spreadsheet model. For this reason, the schedule was reorganized by utilizing planning software. The accuracy of the spreadsheet model was ensured by obtaining same schedule results with the planning software. After the validation, the simulation was performed for lean and non-lean scenarios separately by iterating activity durations 10,000 times via @Risk.
Research findings
Relative importance of the lean principles
Since individual effects of the lean construction principles cannot be identified in the simulation models, experts were asked to compare 14 principles in terms of their relative importance. Experts estimated frequency of implementing lean principle in construction sites, and their positive impacts on the project performance when they are utilized. They used 1 to 5 rating scale, and relative importance was calculated by multiplying frequencies and impacts. Table 5 displays the average results provided by the experts.
According to results, the most significant lean construction principle is cooperating with different departments, which is followed by organizing regular meetings, and establishing long-term supplier relationships. All of these principles highlight the importance of the communication in construction works. Responses indicate that lack of communication may be a predominant factor in poor performance of the construction industry. In this respect, holistic and communication-based approach of lean construction has a great potential to lift the industry. On the other hand, some lean construction principles seem not convenient yet to be implemented in practice. Using multi-skilled workforce is primary of them. During the meetings, all experts have stated that this principle is very hard to be implemented in practice. Similarly, improving the involvement of work force through process transparency is not believed to improve project performance, especially in Turkey. According to Expert A and C, low importance score of 4-D scheduling and simulation stems from its incompatibility with small-sized residential building projects. Finally, using time buffers directly extends the project duration, so it is determined as one of the least significant principles.
To summarize, lean construction principles seems quite appropriate to remove communication barriers within the industry. However, some principles have not been validated by the construction practitioners yet, and they require further investigation.
Lean sensitivities of the activities
Combined effects of practical applications on 9 basic activity groups can be traced via averages of the coefficients assigned by the experts. The mean values of these coefficients were calculated according to a triangular distribution as presented in Table 6 . Results show that for all activity types, mean values of the triangular distributions are reduced in lean scenario as compared to nonlean scenario. Among basic activity groups, wall activities has the highest time reduction percentage in lean scenario. When individual responses are investigated, coefficients of Expert A and Expert C reduce most in wall activities, while the most significant reduction in coefficients belongs to plastering activities, which is also a wall related activity, according to Expert B. During regular meetings, Expert A has indicated that practical applications offered in this study have a great potential to improve productivity of the labour force. Both wall construction and plastering activities considerably depend on the performance of workers. Therefore, wall and plastering activities have been considered as the most lean sensitive activity types by the experts. Results derived from this section emphasize that lean construction principles have positive influences on all activity types in terms of reducing their durations, and performance of the wall construction and plastering activities are significantly improved when they are utilized. 
Total project duration
Monte Carlo simulation results reveal the effects of the lean construction principles on project duration. Figures 3  and 4 show the probability distribution curves of the total project duration with 90 percent confidence intervals for lean and non-lean scenario, respectively. Probability distribution curves were generated by simulating average durations estimated by the all experts. Individual results provided by the experts are also represented in Table 7 . Simulation results include optimistic, pessimistic, and most likely durations. The reason why duration values are not integer is that @Risk calculates simulation with non-integer numbers. According to simulation results, all durations were decreased in lean scenario. When average rounded up durations of all experts are considered with mean values, total project duration decreased 16 days by using lean construction principles.
In terms of percentages, there is a 7.31 percent reduction in the total project duration. Duration performance of the simulation model demonstrates that lean construction principles achieve a considerable amount of time reduction in small-sized residential building projects.
Variability of the project duration
In addition to total project duration, simulation results also explain the effects of the lean construction principles on variability of the project duration. Accordingly, standard deviation values for total project duration are organized in Table 8 for lean and non-lean scenarios of all experts. Besides, reduction percentages of standard deviation in lean scenario are included. Results indicate that, when average of all experts is considered, standard deviation of the total project is decreased 20.18 percent. Therefore, research findings promote that lean construc- tion principles decrease variability of the project duration in small-sized residential building projects, and allow more levelled production.
Conclusions
In this paper, a methodology was developed to demonstrate the benefits of lean principles and to encourage contractors for implementation of lean construction principles. For this purpose; stochastic models, which serve for comparing the schedule performance of a residential building project for lean and non-lean scenarios, were developed. The major outcomes of the study demonstrated that practical applications of lean construction principles both enhance project delivery time and reduce work flow variability. When probabilistic results conveyed by all participants are considered; including the most optimistic and the most pessimistic estimations, the lean construction principles led to 6.15 percent to 9.56 percent reduction in total project duration. Similarly, they decreased the standard deviation of the total project duration in the range of 14.34 percent to 32.85 percent. In addition, the study revealed that utilization of practical lean construction principles result in considerable amount of time reduction in all activity types of a residential building project, especially in wall construction and plastering activities. The potential of practical applications in terms of being a remedy to communication problems within the industry was also uncovered within this research. This study is based on representing tangible benefits of the lean construction principles by subjective estimations of the experts, so performance improvements observed in the study are only valid for small-size residential projects undertaken in Turkey. The research can be enriched further by including representatives of owners, suppliers, contractors, and workforce to the expert profile in order to measure lean construction effects from the point of views of all construction project participants. Moreover, the methodology employed in this study may be improved further by adding new principles that are applicable to different types of construction works apart from residential building projects. Finally, an action research type of study may measure the performances of another metrics such as, cost, quality, health and safety, and sustainability in real projects. By this way, practitioners are expected to utilize lean construction principles in practice more frequently and realize full potential of the lean construction philosophy.
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